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Introduction 
Prostate cancer is the most prevalent non-skin solid malignancy and the second-

leading cause of cancer-related mortality in men in the U.S.1. Treatment of metastatic 
prostate cancer with androgen-deprivation therapy ultimately leads to development of 
castration-resistant disease, where cancer cells become more responsive to even 
minute quantities of testosterone. Promising therapies are available for castration-
resistant prostate cancer (CRPC), including chemotherapy, immune-based therapies, 
therapies targeting bone metastasis, and second line hormone therapies, however, all 
with a finite efficacy. Improved and likely combinatorial therapies will be necessary.  

Inflammation has long been associated with the prostate cancer 
microenvironment, and may facilitate tumor growth or promote an anti-tumor immune 
response. Evidence suggests that cancer cells can be hijacking inflammatory pathways 
to promote angiogenesis and proliferation2. Conversely, inflammation can trigger the 
infiltration of cytotoxic immune effector cells, resulting in the production of clonal CD8+ T 
cells3. However, the contribution of the tumor infiltrating lymphocytes (TILs) to prostate 
cancer development, growth, and metastasis is unclear. We are interested in 
understanding the mechanisms for development of TILs and how they modulate 
prostate cancer. Our hypothesis is that the innate immune response can program TILs 
and play a key role in tumor surveillance, are important in generation of tumor-specific 
immunity, and that by tumor growth can be altered through modulating the composition 
of TILs through innate immunity. 

Body 
Pathogens or cancerous cells alike can produce danger signals that elicit the 

activation of immune responses. These signals in the form of conserved molecules 
termed pathogen-associated molecular patterns (PAMPs) or danger-associated 
molecular patterns (DAMPs) can be discriminated from self-antigens by a family of 
pattern-recognition receptors of innate immunity, including Toll-like receptors (TLRs). 
Thirteen mammalian TLRs have been identified to date with ligands ranging from 
lipopolysaccharide (LPS) found in gram-negative bacterial walls recognized by TLR4, 
double stranded RNA produced by many viruses for TLR3, viral CpG motifs with TLR9, 
to endogenous ligands such as heat-shock protein 70 and chromatin component HMG-
B1. Activation of these receptors leads to induction of multiple inflammatory pathways, 
including nuclear factor-kappa B (NF-κB) and interferon regulatory factors (IRFs), which 
may mediate the development of cytotoxic T lymphocytes (CTLs) and dendritic cell (DC) 
maturation4. Although TLRs have been shown to inhibit negative regulatory cells such 
as Tregs, the relationship between TLRs and myeloid-derived suppressor cells 
(MDSCs) is less clear4-5. 

TLRs recruit adaptor proteins such as MyD88 and serine kinase IL-1 receptor-
associated kinase (IRAK), leading to activation of MAP kinases, NF-κB, and expression 
of inflammatory genes. Most TLRs utilize the MyD88 pathway. The role of TLRs in 
modulating cancer is conflicting, as prior reports have suggested tumor promoting as 
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well as suppressing effects. Deficiency in MyD88 confers decreased development of 
tumors in a mouse model of spontaneous intestinal tumorigenesis and 
diethylnitrosamine-induced hepatocellular tumors6-7. In contrast, a recent report 
suggested that MyD88 inhibition promoted pancreatic cancer growth through dendritic 
cell and Th2 activation8. 

We have been focused on studying the phenotype of TRAMP Tg+/- x MyD88-/- 
mice, work described in Specific Aim 2. This has culminated in a publication now e-
published and in the April 2015 Edition of The Prostate, entitled “Loss of MyD88 Leads 
to More Aggressive TRAMP Prostate Cancer and Influences Tumor Infiltrating 
Lymphocytes” (attached as appendix). In summary, we showed that the absence of 
MyD88 led to increased prostatic intraepithelial neoplasm (PIN) and areas of well-
differentiated adenocarcinoma in TRAMP transgenic mice. Analysis of infiltrating 
immune populations revealed an increase in CD11b+ cells and a deficiency in NK cells 
in prostates from MyD88-/- TRAMPTg+/- compared to MyD88+/+ TRAMPTg+/- mice, 
whereas a decrease in splenocytic NK cell differentiation was observed in MyD88-/-

mice. Prostate tumors revealed no significant differences in NF-κB or AR expression in 
MyD88+/+ TRAMPTg+/- compared to MyD88-/- TRAMPTg+/- mice.  

In the last annual summary, we presented limitations to our initial aims using the 
TRAMP Tg+/- animals, namely the length of time for development of tumors from 24 to 
30 weeks of age, the ubiquitous presence of our gene knockout in prostate epithelium, 
stroma, as well as immune system, and the fixed nature of the prostate model with 
expression of the large T antigen, which may have limited translational implications. We 
proposed a model of disease progression in prostate cancer, where damage-associated 
molecular patterns (DAMPs) released by the tumor stimulate the innate immune 
pathways through pattern recognition receptors (PRRs) including the TLRs and 
intracellular Nod-like receptors (NLRs). To parse out the role of TLR signaling in various 
compartments, we proposed adapting a previously published subcutaneous prostate 
tumor model based on lentiviral transfection of primary prostate epithelium11-12. This 
model has been developed in Owen Witte’s laboratory at UCLA, which we are 
collaborating with. Prior reports have been performed using both human and murine 
prostate epithelium on an immunocompromised background. We tested a syngenic 
immunocompotent model using murine prostate epithelium on a C57Bl6 host which led 
to exciting preliminary data showing that just the presence of an intact immune system 
altered tumor growth with larger tumors in a C57Bl6 versus SCID background (Fig 1). 
The flexibility of the model allows variation in the oncogenic drivers of the tumors, which 
subsequently produces disease ranging from PIN (AKT/ERG and TRAMP) to 
castration-resistant prostate cancer (AKT/ERG + AR). As the tumor cells are combined 
with fetal mesenchymal cells for implantation, this model allows for the genotypic 
manipulation of both the tumor and its surrounding stroma.  
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We have previously cloned and generated murine knockouts of receptor-
interacting protein 2 (Rip2), a serine-threonine kinase downstream and common to 
NLRs Nod1 and Nod2. We have shown in an orthotopic bladder cancer model that 
Rip2-deficiency develops larger bladder tumors with more numerous and higher 
incidence of metastases2. As such, increased tumor infiltration of CD11b+Gr1hi myeloid-
derived suppressor cells (MDSCs) with concomitant decrease in T cells and NK cells 
were observed in Rip2-deficient tumor bearing animals. We found that the absence of 
Rip2 plays an intrinsic role in fostering the development of granulocytic MDSCs by an 
autocrine and paracrine effect of granulocytic colony stimulating factor (G-CSF) 
expression. The ability of NLRs to mediate prostate cancer tumor surveillance has not 
been investigated to date and may represent a therapeutic opportunity in modulating 
MDSCs to prevent tumor invasion and metastasis. Currently, we are testing the 
hypothesis that Rip2 functions to selectively program the prostate cancer tumor 
microenvironment, suppressing the infiltration of MDSCs and augmenting infiltration of T 
and NK cells, resetting the homeostasis of the TILs.  

Figure 1. Larger C57Bl6 tumors 
generated by retroviral infection by AKT 
and AKT + AR in a C57Bl6 versus 
CB17scid/scid background. 





W81 XWH-11-1-0260 

8 

Dissociated grafts were assessed for infiltrating lymphocyte populations (Fig. 4). Our 
preliminary results show that loss of Rip2 in the recipients led to decreased infiltrating B 
cells, and that Rip2-deficiency in the prostate epithelium or recipient increased 
infiltrating CD11b+ myeloid cells. 

We intend to elucidate the precise function of innate immune signaling in prostate 
cancer. The ultimate goal is to modulate the inflammatory response to produce a potent 
anti-tumor effect and prevent the development of castration-resistant prostate cancer. 
The release of certain DAMPs or the activation of certain TLRs may provoke an 
increase in tumor killing or a decrease in the function of regulatory cells such as 
MDSCs. These may be exploitable as a therapeutic target for the treatment of prostate 
cancer. 

Key Research Accomplishments 
• We have published our manuscript describing the role of MyD88 in prostate

cancer tumorigenesis and composition of the immune microenvironment in The
Prostate

• We have prior evidence that the Nod-like receptor (NLR) intracellular signaling
serine/threonine kinase Rip2 is important in development of myeloid derived
suppressor cells (MDSC)

• We have initial evidence that loss of Rip2 in the host immune system leads to
increased prostate cancer in a syngeneic reconstitution model

• We are currently understanding the mechanistic role of Rip2 in MDSC
development and will test the modulation of MDSCs by Rip2 in functional in vitro
and in vivo models

Figure 4. Rip2 influences tumor infiltrating lymphocytes. Dissociated grafts from Akt-induced 
prostate epithelium with genotypes as indicated were analyzed for infiltrating T cell (CD3), B cell 
(B220), and myeloid cell (CD11b) populations as a % of total CD45 cells. 
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Reportable Outcomes 
We have presented this work in yearly seminars at the UCLA Prostate SPORE 

Lecture Series as well as the recent manuscript published in The Prostate. 

Conclusions 
We have shown that TRAMP Tg+/- x MyD88-deficient mice result in accelerated 

prostate cancer development with increased infiltration of immature CD11b+ myeloid 
cells and decreased T lymphocytes. The increase in immature myeloid cells has led us 
to investigate the role of MDSCs in prostate cancer in more detail. Based on prior work 
showing that the intracellular kinase Rip2 that mediates Nod-like receptor signaling 
appears to play an intrinsic role in MDSC development, we are now examining the role 
of this pathway in prostate cancer and to determine if modulation of this pathway will 
lead to altered tumor growth through modification of MDSCs.  
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Loss of MyD88 Leads to More Aggressive TRAMP Prostate
Cancer and Influences Tumor Infiltrating Lymphocytes

Elizabeth M. Peek,1 Wang Song,2 Hanwei Zhang,3 Jiaoti Huang,4

and Arnold I. Chin1,3,5,6*
1Molecular Biology Institute, UCLA, Los Angeles, California

2Urology Center, First Hospital of Jilin University, Changchun, China
3Department of Urology, UCLA, Los Angeles, California
4Department of Pathology, UCLA, Los Angeles, California
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BACKGROUND. The influence of pattern recognition receptor (PRR) signaling in the
prostate tumor microenvironment remains unclear. Although there may be a role for PRR
agonists as adjuvants to therapy, prior evidence suggests tumor promoting as well as tumor
inhibiting mechanisms. The purpose of this study is to examine the role of the key Toll-like
receptor (TLR) signaling adaptor protein myeloid differentiation primary response gene 88
(MyD88) in prostate cancer development.
METHODS. MyD88-/- mice in a C57Bl6 background were crossed with transgenic
adenocarcinomas of the mouse prostate (TRAMP) mice to create MyD88-/- TRAMPTgþ/�

animals, which were compared to MyD88þ/þ TRAMPTgþ/� animals and their non-transgenic
counterparts at 30 weeks. Prostates were examined histologically, by immunohistochemistry
and immunofluorescence staining, and by qPCR, to characterize tumor-infiltrating immune
populations as well as activation of the downstream NF-kB pathway and androgen receptor
(AR) expression. Splenocytes were examined for development of distinct immune cell
populations.
RESULTS. Absence of MyD88 led to increased prostatic intraepithelial neoplasm (PIN) and
areas of well-differentiated adenocarcinoma in TRAMP transgenic mice. Analysis of
infiltrating immune populations revealed an increase in CD11bþ Gr1þ myeloid-derived
suppressor cells (MDSCs), as evidenced by increased expression of prostatic arginase-1 and
iNOS as well as the cytokine IL-10, and a deficiency in NK cells in prostates from MyD88-/-

TRAMPTgþ/� compared to MyD88þ/þ TRAMPTgþ/� mice, whereas a decrease in splenocytic
NK cell differentiation was observed in MyD88-/- mice. Prostate tumors revealed no
significant differences in NF-kB or AR expression in MyD88þ/þ TRAMPTgþ/� compared to
MyD88-/- TRAMPTgþ/� mice.
CONCLUSIONS. During prostate cancer development in the TRAMP model, MyD88 may
play a role in limiting prostate tumorigenesis by altering tumor-infiltrating immune
populations. This suggests that in the context of specific cancers, distinct PRRs and signaling
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pathways of innate immune signaling may influence the tumor microenvironment and
represent a novel therapeutic strategy. Prostate

# 2015 Wiley Periodicals, Inc.

KEY WORDS: MyD88; prostate cancer; TRAMP; Toll-like receptors; NF-kB;
tumor-infiltrating lymphocytes

INTRODUCTION

Inflammation within the prostate cancer micro-
environment is often observed adjacent to areas of
focal atrophy and adenocarcinoma, although the
contribution of distinct subsets of tumor infiltrating
lymphocytes (TILs) to prostate cancer development,
growth, and metastasis is unclear [1]. These inflam-
matory processes may promote anti-tumor responses,
as clonal expansion and presence of circulating
prostate-antigen specific CD8þ T cells have been
observed clinically [2]. Conversely, pro-tumor inflam-
mation has been observed with the release of pro-in-
flammatory chemotactic agents from areas of tumor
necrosis into the tumor microenvironment that stim-
ulate angiogenesis and proliferation [3–5]. The pros-
tate cancer microenvironment may be globally
immunosuppressive, as studies have linked TGF-b
production to a bias of CD4þ T cells in the human
prostate cancer microenvironment towards both
CD4þCD25þFoxp3þ regulatory Tcells (Tregs) and Th17
cells [6,7]. Nonetheless, the clinical importance of the
immune system in prostate cancer is borne out by the
efficacy of the cancer vaccine sipuleucel-T, which
justifies the necessity to parse out the contributions of
distinct inflammatory pathways and to examine for
adjuvants to tumor immunity.

Pathogens or cancerous cells alike can produce
danger signals that elicit the activation of immune
responses. These signals, consisting of conserved
molecules termed pathogen-associated molecular
patterns (PAMPs) or danger-associated molecular
patterns (DAMPs), can be discriminated from
self-antigens by a family of pattern-recognition recep-
tors (PRRs) such as the Toll-like receptors (TLRs) of
the innate immune system [8–12]. Thirteen mamma-
lian TLRs have been identified to date with ligands
ranging from lipopolysaccharide (LPS) found in
gram-negative bacterial walls recognized by TLR4,
double stranded RNA produced by viruses recog-
nized by TLR3, viral CpG motifs by TLR9, to
endogenous ligands, such as heat-shock protein 70
and chromatin component HMG-B1 [8,13]. TLRs
recruit adaptor proteins that promote activation of
downstream transcription factors such as NF-kB or
interferon regulator factors (IRFs), mediating down-
stream development of adaptive immune effector cells

such as cytotoxic T lymphocytes (CTLs) and dendritic
cell (DC) maturation [14].

Although the majority of TLRs recruit the adaptor
protein myeloid differentiation primary response gene
88 (MyD88), TLR3 exclusively interacts with the adaptor
protein TIR-domain-containing adapter-inducing inter-
feron-b (TRIF) to activate a MyD88-independent path-
way leading to IRF3 activation and production of type I
interferons. We have previously implicated the pattern
recognition receptor TLR3 and type I interferons to play
a critical role in prostate cancer immune surveillance in
TRAMP mice, with increased tumor growth in absence
of TLR3 [15]. Using polyI:C as a TLR3 agonist, we
showed a marked reduction in prostate cancer growth
which influenced the tumor microenvironment by creat-
ing an influx of CD3þ T cells and NK cells [15]. The role
of TLR signaling in the inherent development of
prostate cancer has important clinical correlation, as
sequence variants in a 3’-untranslated region of TLR4
and polymorphisms in the TLR gene cluster encoding
TLR1, 6, 10, and the downstream signaling mediators
IRAK1 and IRAK4, confer increased prostate cancer
risk [16–19]. How distinct TLR signaling pathways
modulate the prostate cancer tumor immune environ-
ment is an open question.

In this study, we investigated the role of MyD88 in
prostate cancer development using the autochthonous
TRAMP model. TRAMP mice express the SV40 large T
antigen in the prostate epithelium under the control of
the rat probasin promoter, and are a well-described
immunocompetent prostate cancer model that develops
histologic PIN by 8 to 12 weeks of age and adenocarci-
noma by 24 to 30 weeks of age. We hypothesized that
loss of MyD88 will promote prostate cancer develop-
ment, as a result of alterations in tumor-infiltrating
immune populations. This work complements our prior
studies of TLR3 in prostate cancer and the intracellular
Nod-like receptor pathway in bladder cancer, to extend
the idea that distinct PRRs differentially mediate tumor
immune surveillance [15,20].

MATERIALS AND METHODS

Mice

TRAMPTgþ/ mice (Jackson Laboratories) on a
C57Bl/6 background were genotyped as previously
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described [21,22]. MyD88 -/- mice backcrossed to a
C57Bl/6 background for 10 generations were bred
with TRAMP transgenic mice to homozygosity gen-
erating MyD88-/- TRAMPTg-/- and MyD88-/-

TRAMPTgþ/ mice [23]. Mice were housed in patho-
gen-free conditions in accordance to UCLA Animal
Research Committee protocols. All animal work was
performed through the approved UCLA Institutional
Animal Care and Use Committee protocol #2010–
023-11C in accordance with the Public Health Service
Policy on Human Care and Use of Laboratory
Animals and USDA Animal Welfare Act Regulations.

Tumor Models

MyD88þ/þ TRAMPTg-/-, MyD88þ/þ TRAMPTgþ/ ,
MyD88 -/- TRAMPTg-/-, and MyD88-/- TRAMPTgþ/

male mice at 25 and 30 weeks of age were sacrificed,
with lungs, liver, and abdominal lymph nodes grossly
inspected for metastases. Whole prostates with semi-
nal vesicles were removed, weighed, and a portion
fixed in formalin or embedded in OCT. Spleens were
removed and dispersed into single cell suspensions
for flow cytometric analysis of immune populations.

Histology

Representative paraffin embedded, formalin-fixed
tissues were sectioned at 0.4 mm and stained by
hematoxylin and eosin. Images were assessed by light
microscopy using an Axio Imager 2 (Zeiss).

Immunofluorescence and Immunohistochemistry

Immunofluorescence was performed on OCT-em-
bedded tissue. Sections were fixed in 4% paraformal-
dehyde for 10min and then blocked for 1 hr with
either standard (5% BSA and 5% goat serum in PBS)
or specific, when using mouse primary antibodies,
(M.O.M kit block, Vector Labs) reagents. Sections
were stained overnight at 4°C with anti-CD8 at 1:100
(53-6.7, R&D Systems), anti-CD11b at 1:400 (M1/70,
R&D Systems), anti-Gr-1 at 1:300 (RB6-8C5, eBio-
science), anti-CD49 at 1:300 (DX5, Biolegend),
anti-Foxp3 at 1:300 (MF23, BD Biosciences), and
anti-AR at 1:2000 (ab3510, Abcam). Secondary anti-
bodies using goat anti-rat Al488 (Invitrogen) or goat
anti-rabbit Al594 (Invitrogen) were incubated at 1:750
for 1 hr and sections counterstained with DAPI and
mounted using Vectorshield (Vector Labs). Images
were assessed by fluorescence microscopy using an
Axio Imager 2 (Zeiss).

Immunohistochemistry was performed on formal-
in-fixed and paraffin embedded tissues. Sections were
deparaffinized and rehydrated before blocking for

one hour in 5% BSA and 5% goat serum in PBS.
Sections were stained with anti-p40 at 1:50 (2073,
BioSB), anti-MyD88 1:100 (ab2064, AbCam), anti-IL-10
at 1:100 (JESS-16E3, eBioscience), and anti-pIkB at
1:500 (S32/36, 5A5, Cell Signaling), followed by
incubation with biotinylated goat anti-rabbit or goat
anti-mouse secondary antibodies at 1:750 using the
ABC kit (Vector Labs). Sections were developed using
streptavidin-conjugated HRP and substrate, counter-
stained with hematoxylin, then dehydrated and
mounted with Cytoseal 60 (Richard-Allan Scientific).
Representative formalin-fixed tissues were stained by
hematoxylin and eosin. Images were assessed by light
microscopy using an Axio Imager 2 (Zeiss).

Quantitative RT-PCR

Total RNA from frozen prostate tissue was used to
synthesize cDNA using High Capacity cDNA Reverse
Transcription Kits (Applied Biosystems). Relative
gene expression was determined using SYBR
Green PCR Master Mix (Applied Biosystems) on a
Bio-Rad iCycler, normalized to GAPDH as a gene
reference with the comparative threshold cycle
method. Primers sets for the following genes
were used: Arginase-1, 5’-AGAGATACTTC-
CAACTGCCAGACT, 3’-ACCTGGCCTTTGTTGATG-
TCCCTA; iNOS, 5’-GCTGGAAGCCACTGACAC-
TTCG, 3’-CGAGATGGTCAGGGTCCCCT; GAPDH,
5’-GACCCCTTCATTGACCTCAAC, 3’-CTTCTCCAT-
GGTGGTGAAGA.

Flow Cytometry

Spleens were dispersed into single cell suspensions
and stained with immune cell markers CD4-APC
(RM4–5, BD Bioscience), CD8-FITC (53–6.7, BD Bio-
science), B220-FITC (RA3–6B2, BD Bioscience),
CD11b-FITC (M1/70, BD Bioscience), GR1-PE (RB6–
8C5, BD Bioscience), Foxp3-PE (MF23, BD Bioscience),
and NK1.1-PE (PK136, BD Biosciences). For Foxp3
staining, cells were fixed and permeabilized using an
intracellular staining protocol per manufacturer’s
instructions (00–5523-00, eBioscience). Cells were ana-
lyzed on an LSRII flow cytometer (BD Biosciences).

RESULTS

More Extensive PIN and Adenocarcinoma in
Prostates of MyD88-/- TRAMPTgþ/ Compared to

MyD88þ/þ TRAMPTgþ/ Mice

To examine the role of MyD88 in prostate cancer
development, we crossed TRAMPTgþ/ mice with
MyD88-/- mice in a C57Bl/6 background to generate a

Role of MyD88 in Prostrate Cancer 3
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syngenic immune-competent prostate cancer
model. Male MyD88þ/þ TRAMPTg-/-, MyD88þ/þ

TRAMPTgþ/ , MyD88 -/- TRAMPTg-/-, and MyD88-/-

TRAMPTgþ/ mice were sacrificed at 25 weeks and
prostate sections were stained with hematoxylin and
eosin and examined by light microscopy. Prostates
from non-transgenic MyD88þ/þ and MyD88-/- mice
showed normal prostate development, while compa-
rable development of PIN without areas of adenocar-
cinoma were observed in prostates of TRAMPTgþ/

MyD88þ/þ and MyD88-/- animals (Fig. 1A). To better
understand the role of MyD88 in development of
adenocarcinoma, we elected to examine a cohort of
animals at 30 weeks. In the absence of the TRAMP
transgene, prostates from MyD88þ/þ TRAMPTg-/-

and MyD88-/- TRAMPTg-/- mice showed similar
glandular architecture. Interestingly, prostates from
MyD88-/- TRAMPTgþ/ mice revealed larger and
more densely packed glands then prostates from
MyD88þ/þ TRAMPTgþ/ mice. These glands exhib-
ited higher density of PIN as well as increased areas
of well-differentiated adenocarcinoma, defined as loss
of p40 staining and disruption of the basal cell layer,
in MyD88-/- TRAMPTgþ/ compared to MyD88þ/þ

TRAMPTgþ/ mice (Fig. 1B). In 60% of TRAMP trans-
genic mice in each genotype, a phyllodes-like tumor
was observed arising from the seminal vesicles as
previously described with an intact basal layer by p40
expression (Fig. 1C) [24]. Collectively, 30-week pros-
tate and seminal vesicle weights were similar between
TRAMPTgþ/ MyD88þ/þ and MyD88-/- mice
(Fig. 1D). To quantitate the extent of PIN and
adenocarcinoma, we assessed the percentage of
glands harboring PIN and adenocarcinoma and found
a significant increase in the prostates from MyD88-/-

TRAMPTgþ/ compared to MyD88þ/þ TRAMPTgþ/

mice (Fig. 1E). The presence of lung metastases were
examined histologically and there was no evidence
in either MyD88þ/þ TRAMPTgþ/ or MyD88-/-

TRAMPTgþ/ mice (data not shown).

Decreased NK Cells and Increased Myeloid Cells
in Tumor Infiltrating Lymphocytes in MyD88-/-

TRAMPTgþ/ Mice Compared to MyD88þ/þ

TRAMPTgþ/ Mice

To investigate the role of MyD88 in programming
the tumor infiltrating lymphocytes (TILs), we exam-
ined expression of distinct immune populations by
immunofluorescence staining of prostate tissues.
There were no significant differences in expression of
the cytotoxic T cell marker CD8 or T regulatory cell
marker Foxp3. However, significantly increased mye-
loid cells, denoted by expression of CD11b and Gr1,
and decreased infiltration of NK cells, characterized

by the expression of CD49, were observed in
MyD88-/- TRAMPTgþ/ compared to MyD88þ/þ

TRAMPTgþ/ animals (Fig. 2).

CD11bþ Gr1þ Myeloid Cells Represent
Myeloid-Derived Suppressor Cells (MDSCs)

To assess the role of MyD88 in mediating tumori-
genesis and tumor infiltrating lymphocytes in
MyD88-/- TRAMPTgþ/ compared to MyD88þ/þ

TRAMPTgþ/ animals, prostatic expression patterns
of MyD88 were examined and found intensely local-
ized in the stroma, along with diffuse expression in
the prostate epithelium in MyD88þ/þ mice (Fig. 3A).
Appropriately, no specific staining was found in
MyD88-/- mice. MDSCs are early myeloid cells char-
acterized by the surface markers CD11bþ and Gr1þ in
mice, and produce cytokines such as IL-10, and
arginase-1 and iNOS, to mediate its negative regula-
tory functions on T cells and NK cells [25]. We
examined expression of IL-10 and found increased
stromal IL-10 expression in MyD88-/- TRAMPTgþ/

compared to MyD88þ/þ TRAMPTgþ/ mice (Fig. 3B).
Furthermore, whole prostates from MyD88-/-

TRAMPTgþ/ mice produced significantly more argi-
nase-1 and iNOS than MyD88þ/þ TRAMPTgþ/ mice,
supporting the expansion of infiltrating MDSCs in
MyD88-/- TRAMPTgþ/ mice (Fig. 3C).

Deficiency of NK Cells in Spleens of MyD88-/-

TRAMPTgþ/ and MyD88-/- TRAMPTg-/- Mice

As the absence of MyD88 biased the composition
of the tumor microenvironment with respect to tumor
infiltrating NK and myeloid cells, we were interested
in characterizing the immune populations of spleens
from MyD88þ/þ and MyD88-/- mice as a measure of
the systemic influences in immune cell development.
In 30-week old mice, no significant differences were
observed in the myeloid, B cell, or T cell lineages of
the various genotypes. However, a significant
decrease in NK cells was observed in both MyD88-/-

TRAMPTg-/- and MyD88-/- TRAMPTgþ/ animals
compared to their wild-type counterparts (Fig. 4).

Loss of MyD88 Results in No Significant
Differences in NF-kB Signaling or AR Expression

Activation of TLRs through MyD88-dependent
pathways leads to activation of canonical NF-kB path-
ways through the NEMO/IKKa/IKKb complex
resulting in phosphorylation of IkB, allowing trans-
location of p50/p65 subunits to the nucleus [26]. With
a bias composition in the tumor infiltrating lympho-
cytes and increased areas of prostate adenocarcinoma
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Fig. 2. MyD88-/- TRAMPTgþ/� prostates show distinct TIL populations when compared to MyD88þ/þ TRAMPTgþ/� mice. Prostate
sections stained by immunofluorescence using immune cell markers as indicated to determine the infiltration of specific immune
populations in 30 week MyD88þ/þ TRAMP-/-, MyD88þ/þ TRAMPTgþ/� , MyD88 -/- TRAMP-/-, MyD88-/- TRAMPTgþ/� mice as indicated.
Representative merged fluorescence images are shown (400�). CD11b, Gr1, and CD49 quantified by mean positive staining cells in four
high-powered field fields (400�); bars, standard deviations. All P-values were determined by two-tailed Student’s t-test, with statistical
significance defined as P< 0.05.
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in absence of MyD88, we asked whether this pheno-
type would be associated with altered activation
of NF-kB. Staining of prostates from MyD88þ/þ

TRAMPTg-/-, MyD88þ/þ TRAMPTgþ/ , MyD88-/-

TRAMPTg-/-, and MyD88-/- TRAMPTgþ/ animals
revealed similar activation of canonical NF-kB in
prostate epithelial cells manifested by detection of
phosphorylated IkB (p-IkB) (Fig. 5A). As NF-kB has
been linked with androgen receptor expression, we
examined expression of AR, which appeared
unchanged with the loss of MyD88 [27–30] (Fig. 5B).

DISCUSSION

Using the TRAMP autochthonous prostate cancer
model, we have observed increased areas of PIN and
adenocarcinoma of the prostate in the absence of
MyD88. This result is consistent with our prior
observations of PRRs TLR3 and the intracellular kinase
Rip2 of Nod-like receptors in tumor surveillance and
in programming distinct lymphocyte populations
within the tumor microenvironment [15,20]. In each
of these instances, the nature of the inflammatory

microenvironment correlated with the response in
tumorigenesis. The predominant stromal expression of
MyD88 suggests that the prostate epithelium is
responding to the altered tumor microenvironment
rather than an intrinsic alteration. Similarly, MyD88
blockade has been shown to increase inflammation
and progression in a murine model of TLR4-acceler-
ated pancreatic carcinogenesis, thought to be in part
mediated by dendritic cell induction of a Th2-polariz-
ing response [31]. However, blockade of TRIF pro-
tected against this model of pancreatic carcinogenesis,
which is not congruent with our observations of TLR3
signaling in prostate cancer [15]. The anti-tumor effect
of TLRs and their signaling molecules is supported by
the efficacy of TLR agonists as adjuvants to enhance
host immunity with the TLR7 agonist imiquimod FDA
approved for treatment of basal cell carcinoma and
TLR9 agonists in clinical trials against malignancies
including breast, melanoma, and lymphomas [32–36].

Nonetheless, the role of TLRs in tumor surveillance
and modulating cancer is not clear, as reports have also
supported tumor-promoting effects. For instance, defi-
ciency in MyD88 has been shown to decrease the

Fig. 3. Increased expression of IL-10, arginase-1, and iNOS from prostates of MyD88-/- TRAMPTgþ/� compared to MyD88þ/þ

TRAMPTgþ/� mice. Prostate sections stained by immunohistochemistry using antibodies against MyD88 (A) and IL-10 (B). Representative
images (400x) shown, with arrows highlighting representative stained cells. (C) Levels of arginase-1 and iNOS by quantitative PCR from
prostate tissue of mice as indicated. Columns, mean of three animals; bars, standard deviations. All P-values were determined by two-tailed
Student’s t test, with statistical significance defined as P< 0.05.

Role of MyD88 in Prostrate Cancer 7

The Prostate





development of tumors in mouse models of sponta-
neous colorectal cancer and diethylnitrosamine-in-
duced hepatocellular tumors, through mechanisms
including enhancing tumor evasion and tissue
repair [37,38]. In immune- or tumor-specific knockouts
of IKKb using a colitis-associated cancer model, inves-
tigators showed that loss of IKKb in the tumor
epithelium decreased tumor incidence, while loss in
myeloid cells led to decreased tumor size [39]. Pre-
viously, TLR4-/- TRAMPTgþ/ animals showed a delay
in the onset of palpable tumor from 26 to 31 weeks
compared to WT controls, however no histology or
examination of TILs were performed [40]. This appa-
rent discrepancy may be explained by the pleiotropic
TLRs that utilize MyD88 to active NF-kB and MAP
kinase pathways, the persistence of MyD88-independ-
ent pathways, and the cellular distribution of these
receptors in the tumor microenvironment. Perhaps the
distribution and bias between epithelial and stromal
expression of PRRs and specificity of signaling remains
a critical question. Despite these differences in specific
knockouts of TLR signaling components, the influence
of positive or negative immune regulators and tumor
growth remain consistent.

In our study, we identified the decreased presence
of tumor infiltrating NK cells and increased CD11bþ
Gr1þ cells in the absence of MyD88 in TRAMP murine
prostates at 30 weeks (Fig. 3). The loss of infiltrating
NK cells in MyD88-/- prostates reinforces previously
observed NK-mediated IFN-g production in response
to Chlamydia trachomatis infection [41]. Further charac-
terization of the activity of NK cells and the subset of
CD11bþ Gr1þ cells will be an important future
direction. Although TLRs have been shown to inhibit
negative regulatory cells such as Tregs, the relation-
ship between TLRs and myeloid-derived suppressor
cells (MDSCs) is less clear [42,43]. Our findings

support the MyD88 pathway in modulating infiltrat-
ing myeloid-derived suppressor cells, which have
been implicated in tumor immune evasion and pro-
gression and may explain the decrease in NK cells
that we observed [25,44]. It is quite possible that
distinct TLR pathways in the context of different
tumors and tumor characteristics can specifically
shape and program the tumor infiltrating microenvir-
onment. It is unclear the specificity of upstream TLRs
utilizing MyD88 in prostate cancer and the bias
between MyD88-dependent and -independent path-
ways upon their activation. We expect future work
will categorize the various PRR signaling pathways
that will differentially regulate the prostate immune
tumor microenvironment.

We observed no significant difference in canonical
NF-kB activation comparing prostates of MyD88þ/þ

TRAMPTgþ/ compared to MyD88-/- TRAMPTgþ/

mice. These data suggest that MyD88-independent
pathways may exert the majority activation of NF-kB,
which has been implicated in development of castrate
resistant prostate cancer. A prior report in a subcuta-
neous model of prostate cancer showed that loss of
IKKb in immune cells prevented metastasis and
delayed castration resistance in part through lympho-
toxin expression, which can activate non-canonical
NF-kB through the LTb receptor [45,46]. Future
directions will specifically examine the mechanistic
nature of canonical versus non-canonical NF-kB sig-
naling pathways and their influence in TILs, to
examine if a dichotomous relationship exists. Care
may need to be exercised in designing therapeutic
TLR agonists that will preferentially activate the
canonical versus non-canonical pathway in balancing
anti-tumor and pro-tumor effects.

One of the criticisms of the TRAMP tumor model is
the high percentage of neuroendocrine differentiation

Fig. 5. Prostates of MyD88þ/þ TRAMPTgþ/� and MyD88-/- TRAMPTgþ/� mice show similar canonical NF-kB activation and AR
expression. Representative prostates stained by immunohistochemistry with phospho-IkB and by immunofluorescence with AR, merged
fluorescence images shown (400�).

Role of MyD88 in Prostrate Cancer 9

The Prostate



compared to human prostate cancers. In our studies,
we did not observe any neuroendocrine differentia-
tion, which appears more common when crossed to
the FvB background. An alternative PTENloxp/loxp x
PB-Cre4þ mouse model has been suggested to more
closely mimic the human disease [47]. Indeed, pros-
tates from PTENloxp/loxp x PB-Cre4þ show an expan-
sion of CD11bþ Gr1þ MDSCs [40]. However, the
majority of immunological studies have utilized the
TRAMP model. Another limitation of our system is
that we cannot discriminate loss of MyD88 in the
immune system, stroma, or prostate epithelial tissues
although expression was highest in the stroma. Future
directions will utilize models that can combine differ-
ent genotypes in the immune, tumor, and stromal
environments that will define the role of MyD88 and
other PRR signaling components in these distinct
compartments. Preliminary studies have shown that a
kidney implantation model holds promise in dissect-
ing out the various compartments [48].

CONCLUSIONS

The composition of the tumor microenvironment
can alter tumor growth by mediating tumor surveil-
lance and mediating negative immune regulators. We
have provided evidence that MyD88 signaling path-
ways can alter the tumor immune microenvironment
and development of prostate cancer. Future studies
will need to clarify the mechanisms involved and
whether activation of MyD88-dependent pathways can
reverse our observations. Defining the role of tumor
immune surveillance in the prostate cancer microenvir-
onment will contribute towards the basic comprehen-
sion of tumor immunology as well as the development
and enhancement of novel therapeutics, vaccines, and
immune adjuvants against prostate cancer.

ACKNOWLEDGMENTS

The authors thank the UCLA Broad Stem Cell
Research Center Flow Cytometry Core and the UCLA
Translational Pathology Core Laboratory for provid-
ing core support.

REFERENCES

1. Davidsson S, Fiorentino M, Andr�en O, Fang F, Mucci LA,
Varenhorst E, Fall K, Rider JR. Inflammation, focal atrophic
lesions, and prostatic intraepithelial neoplasia with respect to
risk of lethal prostate cancer., Cancer Epidemiol. Biomarkers
Prev 2011;20:2280–22877.

2. Sfanos KS, Bruno TC, Meeker AK, De Marzo AM, Isaacs WB,
Drake CG. Human prostate-infiltrating CD8þ T lymphocytes
are oligoclonal and PD-1 þ. Prostate 2009;69:1694–1703.

3. Brigati C, Noonan DM, Albini A, Benelli R. Tumors and
inflammatory infiltrates: Friends or foes? Clin Exp Metastasis.
2002;19:247–258.

4. Sfanos KS, Hempel HA, De Marzo AM. The role of inflamma-
tion in prostate cancer. Adv Exp Med Biol 2014;816:153–181.

5. Wu C-T, Hsieh C-C, Lin C-C, Chen W-C, Hong J-H, Chen M-F.
Significance of IL-6 in the transition of hormone-resistant
prostate cancer and the induction of myeloid-derived suppres-
sor cells. J Mol Med (Berl) 2012;90:1343–1355.

6. Sfanos KS, Bruno TC, Maris CH, Xu L, Thoburn CJ, DeMarzo
AM, et al. Phenotypic analysis of prostate-infiltrating lympho-
cytes reveals TH17 and Treg skewing. Clin Cancer Res
2008;14:3254–3261.

7. Rigamonti N, Bellone M. Prostate cancer, tumor immunity and
a renewed sense of optimism in immunotherapy. Cancer
Immunol Immunother 2012;61:453–468.

8. Yu M, Wang H, Ding A, Golenbock DT, Latz E, Czura CJ.
HMGB1 signals through toll-like receptor (TLR) 4 and TLR2.
Shock 2006;26:174–179.

9. Ellerman JE, Brown CK, de Vera M, Zeh HJ, Billiar T, Rubartelli
A, et al. Masquerader: High mobility group box-1 and cancer.
Clin Cancer Res 2007;13:2836–2848.

10. Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, van
Zoelen MAD, et al. Mrp8 and Mrp14 are endogenous activators
of Toll-like receptor 4, promoting lethal, endotoxin-induced
shock. Nat Med 2007; 13:1042–1049.

11. Cheng N, He R, Tian J, Ye PP, Ye RD. Cutting edge: TLR2 is a
functional receptor for acute-phase serum amyloid A. J Immu-
nol 2008; 181:22–26.

12. Le L, Chi K, Tyldesley S, Flibotte S, Diamond DL, Kuzyk MA. et
al. Identification of serum amyloid A as a biomarker to
distinguish prostate cancer patients with bone lesions. Clin
Chem 2005;51:695–707.

13. Chen G-Y, Tang J, Zheng P, Liu Y. CD24 and Siglec-10
selectively repress tissue damage-induced immune responses.
Science 2009; 323:1722–1725.

14. Kawai T, Akira S. TLR signaling. Cell Death Differ 2006;13:
816–825.

15. Chin AI, Miyahira AK, Covarrubias A, Teague J, Guo B,
Dempsey PW. Toll-like receptor 3-mediated suppression of
TRAMP prostate cancer shows the critical role of type I
interferons in tumor immune surveillance. Cancer Res
2010;70:2595–2603.

16. Zheng SL, Augustsson-Balter K, Chang B, Hedelin M, Li L,
Adami HO, Bensen J, Li G, Johnasson JE, Turner AR, Adams
TS, Meyers DA, Isaacs WB, Xu J, Gronberg H. Sequence
variants of toll-like receptor 4 are associated with prostate
cancer risk: Results from the CAncer Prostate in Sweden Study.
Cancer Res 2004;64:2918–2922.

17. Sun J, Wiklund F, Zheng SL, Chang B, Balter K, Li L, Adami
HO, Liu W, Tolin A, Turner AR, Meyers DA, Isaacs WB, Xu J,
Gronberg H. Sequence variants in Toll-like receptor gene cluster
(TLR6-TLR1-TLR10) and prostate cancer risk. J Natl Cancer Inst
2005;97:525–532.

18. Stevens VL, Hsing AW, Talbot JT, Zheng SL, Sun J, Chen J,
Thun MJ, Xu J, Calle EE, Rodriguez C. Genetic variation in the
toll-like receptor gene cluster (TLR10-TLR1-TLR6) and prostate
cancer risk. Int J Cancer 2008;123:2644–2650.

19. Sun J, Wiklund F, Hsu F-C, Balter K, Zheng SL, Johansson J-E.
Interactions of sequence variants in interleukin-1 receptor-

10 Peek et al.

The Prostate



associated kinase4 and the toll-like receptor 6-1-10 gene cluster
increase prostate cancer risk. Cancer Epidemiol Biomarkers
Prev 2006; 15:480–485.

20. Zhang H, Chin AI. Role of Rip2 in development of tumor-
infiltrating MDSCs and bladder cancer metastasis. PLoS One
2014;9:e94793.

21. Greenberg NM, DeMayo F, Finegold MJ, Medina D, Tilley WD,
Aspinall JO. et al. Prostate cancer in a transgenic mouse. Proc
Natl Acad Sci USA 1995;92:3439–3443.

22. Hurwitz AA, Foster BA, Allison JP, Greenberg NM, Kwon ED.
The TRAMP mouse as a model for prostate cancer. Curr Protoc
Immunol 2001;Chapter 20.

23. Pietras EM, Miller LS, Johnson CT, O’Connell RM, Dempsey PW,
Cheng G. A MyD88-dependent IFNgR-CCR2 signaling circuit is
required for mobilization of monocytes and host defense against
systemic bacterial challenge. Cell Res 2011;21:1068–1079.

24. Yeh I-T, Reddick RL, Kumar AP. Malignancy arising in seminal
vesicles in the transgenic adenocarcinoma of mouse prostate
(TRAMP) model. Prostrate 2009;69:755–760.

25. Khaled YS, Ammori BJ, Elkord E. Myeloid-derived suppressor
cells in cancer: Recent progress and prospects. Immunol Cell
Biol 2013;91:493–502.

26. Hoesel B, Schmid JA. The complexity of NF-kB signaling in
inflammation and cancer. Mol Cancer 2013;12:86.

27. Zhang L, Charron M, Wright WW, Chatterjee B, Song CS, Roy
AK, Brown TR. Nuclear factor-kappaB activates transcription of
the androgen receptor gene in Sertoli cells isolated from testes
of adult rats. Endocrinology 2004;145:781–789.

28. Zhang L, Altuwaijri S, Deng F, Chen L, Lal P, Bhanot UK,
Korets R, Wenske S, Lilja HG, Chang C, Scher HI, Gerald WL.
NF-kappaB regulates androgen receptor expression and pros-
tate cancer growth. Am J Pathol 2009;175:489–499.

29. Jain G, Voogdt C, Tobias A, Spindler K-D, Moller P, Cronauer V,
Marienfeld RB. IkB kinases modulate the activity of the
androgen receptor in prostate carcinoma cell lines. Neoplasia
2012;14:178–189.

30. Nadiminty N, Lou W, Sun M, Chen J, Yue J, Kung H-J, Evans
CP, Zhou Q, Gao AC. Aberrant activation of the androgen
receptor by NF-kappaB2/p52 in prostate cancer cells. Cancer
Res 2010; 70:3309–3319.

31. Ochi A, Nguyen AH, Bedrosian AS, Mushlin HM, Zarbakhsh S,
Barilla R, Zambirinis CP, Fallon NC, Rehman A, Pylayeva-Gupta
Y, Badar S, Hajdu CH, Frey AB, Bar-Sagi D, Miller G. MyD88
inhibition amplifies dendritic cell capacity to promote pancreatic
carcinogenesis via Th2 cells. J Exp Med 2012; 209:1671–1687.

32. Qiu J, Wang X, Guo X, Zhao C, Wu X, Zhang Y. Toll-like
receptor 9 agonist inhibits ERalpha-mediated transactivation by
activating NF-kappaB in breast cancer cell lines. Oncol Rep
2009;22:935–941.

33. Hofmann MA, Kors C, Audring H, Walden P, Sterry W, Trefzer
U. Phase 1 evaluation of intralesionally injected TLR9-agonist
PF-3512676 in patients with basal cell carcinoma or metastatic
melanoma. J Immunother 2008;31:520–527.

34. Kim YH, Girardi M, Duvic M, Kuzel T, Link BK, Pinter-Brown
L, Rook AH. Phase I trial of a Toll-like receptor 9 agonist,

PF-3512676 (CPG 7909), in patients with treatment-refractory,
cutaneous T-cell lymphoma. J Am Acad Dermatol 2010;63:
975–983.

35. Zent CS, Smith BJ, Ballas ZK, Wooldridge JE, Link BK, Call TG,
Shanafelt TD, Bowen DA, Kay NE, Witzig TE, Weiner GJ. Phase
I clinical trial of CpG oligonucleotide 7909 (PF-03512676) in
patients with previously treated chronic lymphocytic leukemia.
Leuk Lymphoma 2012; 53:211–217.

36. Vacchelli E, Galluzzi L, Eggermont A, Fridman WH, Galon J,
Sautès-Fridman C, Tartour E, Zitvogel L, Kroemer G. Trial
watch: FDA-approved Toll-like receptor agonists for cancer
therapy. Oncoimmunology 2012; 1:894–907.

37. Rakoff-Nahoum S, Medzhitov R. Regulation of spontaneous
intestinal tumorigenesis through the adaptor protein MyD88.
Science 2007; 317:124–127.

38. Wang L, Zhu R, Huang Z, Li H, Zhu H. Lipopolysaccharide-in-
duced toll-like receptor 4 signaling in cancer cells promotes cell
survival and proliferation in hepatocellular carcinoma. Dig Dis
Sci 2013;58:2223–2236.

39. Greten FR, Eckmann L, Greten TF, Park JM, Li Z-W, Egan LJ. et
al. IKKbeta links inflammation and tumorigenesis in a mouse
model of colitis-associated cancer. Cell 2004;118:285–296.

40. Vogl T, Liberg D, Olsson A, Bjo P, Wikstro P, Ka E. et al. S100A9
Interaction with TLR4 Promotes Tumor Growth. PLoS One
2012;7:1–11.

41. Nagarajan UM, Sikes J, Prantner D, Andrews CW, Frazer L,
Goodwin A, Snowden JN, Darville T. MyD88 deficiency leads
to decreased cell gamma interferon production and T cell
recruitment during Chlamydia muridarum genital tract infec-
tion, but a predominant Th1 response and enhanced monocytic
inflammation are associated with infection resolution. Infect
Immun 2011; 79:486–498.

42. van Maren WWC, Jacobs JFM, de Vries IJM, Nierkens S, Adema
GJ. Toll-like receptor signalling on Tregs: To suppress or not to
suppress? Immunology 2008; 124:445–452.

43. Lechner MG, Epstein AL. A new mechanism for blocking
myeloid-derived suppressor cells by CpG. Clin Cancer Res
2011; 17:1645–1648.

44. Ostrand-Rosenberg S, Sinha P. Myeloid-derived suppressor
cells: Linking inflammation and cancer. J Immunol 2009;
182:4499–4506.

45. Razani B, Reichardt AD, Cheng G. Non-canonical NF-kB signal-
ing activation and regulation: Principles and perspectives.
Immunol Rev 2011;244:44–54.

46. Ammirante M, Luo J-L, Grivennikov S, Nedospasov S, Karin
M. B-cell-derived lymphotoxin promotes castration-resistant
prostate cancer. Nature 2010;464:302–305.

47. Wang S, Gao J, Lei Q, Rozengurt N, Pritchard C, Jiao J, Thomas
GV, Li G, Roy-Burman P, Nelson PS, Liu X, Wu H. Prostate-s-
pecific deletion of the murine Pten tumor suppressor gene leads
to metastatic prostate cancer. Cancer Cell 2003;4:209–221.

48. Goldstein AS, Drake JM, Burnes DL, Finley DS, Zhang H, Reiter
RE, Huang J, Witte ON. Purification and direct transformation
of epithelial progenitor cells from primary human prostate. Nat
Protoc 2011;6:656–667.

Role of MyD88 in Prostrate Cancer 11

The Prostate




